A data-correction technique for the electron spin resonance (ESR) dosimetry was discussed in order to estimate an average absorbed dose of teeth exposed to external photon. Fourteen TLDs (thermoluminescent dosimetors) were used in the experiments to obtain the dose distribution in the human mouth. Each TLD was installed on the backside of the teeth in a female rando-phantom in order to estimate the absorbed dose of each tooth. The rando-phantom was exposed to photon beams of 137Cs (0. 66 MeV) and 60Co (1. 2/1. 3 MeV) to investigate the influence of the energy on the dose distribution. The direction of the photons that hit the surface of the face could also affect the distribution of the dose in the phantom mouth. The incident angles of the photon beam were changed at 45-degree intervals around the longitudinal axis of the rando-phantom at the same height as the teeth. The largest difference among the measured doses, depending on the position of the teeth and photon energy, was in excess of 40% in the case of the exposure due to the beam direction from the backside of the phantom head at the energy of 662 keY. A sample of tooth enamel would be valuable for estimating the effective dose (Sv) calculated from the absorbed dose with ESR dosimetry. However, this study shows that the position of a tooth in the mouth affects the estimated value of an average absorbed dose of teeth. A simple technique to correct the ESR dosimetric results is suggested in this paper. The average absorbed dose of a tooth can be adequately estimated by using a simple formula that takes into consideration the position of the tooth, photon beam direction, and photon energy.
I INTRODUCTION
On occasion, an absorbed dose due to the external exposure of a photon is measured by the Electron Spin Resonance (ESR) technique. 1) The sample materials are calcified tissues of the exposed human body, such as bones or tooth enamel. In particular, tooth enamels have been measured to estimate the doses of radiation received by sufferers of the Hiroshima and Nagasaki atomic bombs2) or some criticality accidents. The use of tooth enamel for photon retrospective dosimetry is effective because the materials were directly exposed to radiation.
However, the direction of the radiation should be taken into account when the directivity is extremely strong. A reason for this is that the position of the enamel in the oral cavity affects the value of the dose due to the fact that photons may be attenuated as they pass through bodily materials. This subject has already been discussed by several researchers. For example, Takahashi et al. discussed the relationship between the doses in tooth enamel and bodily organs from the viewpoint of positional differences in the samples using a Monte Carlo calculation (EGS4 code) adopting a MILD-type phantom3). In addition, they performed several simple exposure tests in order to confirm their calculation data4). They concluded that the dose in enamel depends significantly upon the incident direction of photons on the human body. In another study, Iwasaki et al. discussed this matter by an experiment using a head phantom with 32 permanent teeth irradiated by photons of 60Co5). Due to the relatively high energy of the 60Co photon, they concluded that the correlation between a dose of tooth enamel and its location in the oral cavity was not very strong, at least for high-energy photons of around 1. 25 MeV.
After the calculation mentioned above and experimental studies, our study demonstrates and discusses the effects of photons on dose estimation, depending on the position of the tooth enamel in more detail. Especially we discussed a change of the sensitivity of the ESR dosimetry depending on the directivity of radiation more precisely. In order to measure the dose variation in the oral cavity, a female rando-phantom with fourteen TLDs was used. The results are compared with the results from the two studies mentioned above. In addition, the present study suggests a simple correction formula to determine an average absorbed dose of teeth in ESR dosimetry.
II MATERIALS
AND METHODS
Selection of TLDs
Dose distribution in a human mouth due to external photon exposure was measured by TLD as a radiation detector. In order to determine the type of TLD used, two representative TLDs were compared. They are the UD-110S and UD-170A. Both are manufactured by Panasonic. The material of the UD-I10S is CaSO4, and that of the UD-170A, BeO. For the purpose of this study, TLD constructed by BeO, such as UD-170A, would be better because the material is physically equivalent to the human body for the estimation of an absorbed dose. According to our own tests on the TLD stability for a dose estimation, however, UD-1lOS was better. In terms of the individual difference of the estimated dose value, UD-1IOS performance (statistical error=around 5%) is higher than that of UD-170A (statistical error= 12%). In addition, Takahashi et al. shows in their paper that UD-110S can be used for an exposing test of photon in place of tooth enamel6). Therefore, the UD-110S was selected in our research.
One of the most important characteristics of TLD is the fact that the memory of TLD data fades with the passing of time. This fading feature was investigated using 117CS under a temperature of 22 degrees centigrade. According to our tests, the first quick fading finished about 20 hours after photon exposure. Therefore, all data of TLDs were analyzed 24 hours after exposure.
2. Specifications of the Rando-Phantom and Position of TLDs For the exposure test of tooth enamel, a female randophantom manufactured by Phantom Laboratories, Inc. was used. The specifications are shown in Table 1 , and its outlook is shown in Fig. 1 . In the present study, only the head part of the phantom (10 plates) was used. The other 
Exposure Method of External Photons
A rando-phantom was exposed to photon beams of 137 Cs (0. 66 MeV) and 60Co (1. 2/1. 3 MeV) to investigate the influence of the energy on the dose distribution. The direction of the photons that hit the surface of the face could also affect the distribution of the dose in the phantom mouth. The incident angles of the photon beam were changed at 45-degree intervals around the longitudinal axis of the rando-phantom at the same height as the teeth. Figure 3 shows a general view of the exposure test Takeshi IIMOTO, Kentaro ISHII and Toshiso KOSAKO plained in the following. The absorbed dose measured by TLD was corrected as the ratio of 1 for the dose at the incident face surface of the phantom. The dose ratios were then compared with each other among fourteen TLD data.
IV DISCUSSION
According to Fig. 4 , the largest difference among the measured doses, depending on the position of the teeth, exceeded 40% in the case of exposure due to the beam direction from the backside of the phantom head. This tendency was especially strong in the case of the 137Cs photon because of its lower energy, following the calculation estimate3). In addition, when the direction of the photon is from the backside of a body, the position dependency is larger. All of these data are compatible with earlier researches3-6). These results indicate that it is necessary to check and correct the data according to the position of the sample of tooth enamel in the mouth for a more accurate dose estimation using the ESR method.
For the practical use of the presented data, we here suggest a simple technique for the correction of ESR data. Generally, the average absorbed dose of a whole set of teeth, AAD [Gy] The incident angle of a photon toward the mouth surface is 0 degrees. The incident angle toward the left ear is 90 degrees, toward the backside of the head, 180 degrees, and toward the right ear, 270 degrees. P=Sample tooth position measured by the ESR method, i. e., Ll-L7 or Rl-R7. Cave (E, q)-Relative mean dose of a whole set of teeth in the photon energy=E and incident angle=qS. The relative dose is corrected as the ratio of 1 for the dose at the incident face surface of the head. C (P, E, q5)-Relative mean dose of the teeth at the position P in the photon energy=E and incident angle=q5. The relative dose is corrected as the ratio of 1 for the dose at the incident face surface of the head. R0=Angle ratio of the photon in the distribution of the incident angle.
E R=1
RE=Energy ratio of the photon in the distribution of the energy range.
ARE=1
The above parameters used in Equation
(1) are presented in Table 2 . These parameters are estimated by the presented experiments and calculations. Photon energy was classified into four groups here because of use of the former calculation results effectively. 3, 4, 6} The data in the energy range above 0. 3 MeV are based on our experiments discussed above, and the data in the range below 0. 3 MeV are based on the calculations by Takahashi et al. 3) because there are no experimental data within this range.
When the situation below is considered for a calculation example, the absorbed dose of 2. 0 Gy measured by the ESR method using tooth enamel of L7 would be corrected into the average tooth enamel dose of 1. 9 Gy by Equation (1). The example situation is as follows:
- Table 2 shows that, when the radiation source is 137Cs, the incident angle is 180 degrees, and the ESR dosimetry is performed using an Ll or L2 tooth, then 40% of the reduction of the absorbed dose may be observed as an estimation result.
Here we take account into only the horizontal exposure Takeshi IIMOTO, Kentaro ISHH and Toshiso KOSAKO on teeth in this paper. Actually we performed additional exposure tests whose photon direction to the teeth is from an upper side of diagonal 45-degree to head. However the effect due to the exposure from the upper side of diagonal 45-degree on the data correction was less than 5%. Therefore we concluded the diagonal effect could be ignored at least within the range of 45-degree of upper side.
V CONCLUSION
The dose distribution of teeth due to external photon exposure was measured by TLD installed in a female rando-phantom. The direction and energy of the photons that hit the surface of a human face strongly affect the distribution of the dose in the mouth cavity. Here, this study specifically treats the dose on tooth enamel. The largest difference in the doses measured from teeth, depending on the position, was in excess of 40% when the photon source was 117 Cs. Therefore, when the ESR method using tooth enamel as a sample is introduced for the estimation of an effective dose, data correction is necessary in several cases. A simple and useful correction equation was suggested in this study. This correction technique could be used and would retrospectively revise the results of the absorbed dose estimated by the ESR method.
